ABSTRACT Following loss of small bowel surface area, the remnant intestine undergoes a remarkable adaptive response. To define more fully the underlying molecular mechanisms, we have identified genes that are specifically induced in the adapting remnant after partial small bowel resection. Several of these, including cellular retinol binding protein II (CRBP II) and apolipoprotein (apo) AI, participate in vitamin A and lipid trafficking. The CRBP II and apo A-I promoters contain response elements for the nuclear retinoid X receptor RXR-a. It is well established that vitamin A is essential for normal cell growth, differentiation and maintenance of epithelial tissues and that CRBP II functions to facilitate intestinal vitamin A absorption and metabolism. On the basis of these considerations, changes in CRBP II and apo A-I mRNA levels could reflect a role for retinoids in modulating the intestinal adaptive response. To explore this hypothesis, we used a rat resection model of intestinal adaptation to examine the temporal patterns of CRBP II, apo A-I and RXR-a expression postresection. CRBP II and apo A-I mRNA levels were increased in the remnant intestine in distinct temporal patterns, whereas RXR-a expression was unchanged. To address directly the effects of vitamin A in adaptation, retinoic acid or vehicle was administered intravenously to rats immediately after 70% small bowel resection. Compared with vehicle, all-trans-retinoic acid significantly stimulated crypt cell proliferation in the adapting remnant intestine by 6 h after surgery. These data suggest that retinoic acid acts to modulate intestinal proliferation in the adapting small intestine after loss of functional small bowel surface area.
The small intestine is able to compensate for the loss of augmenting the adaptive response that would benefit patients functional surface area. This adaptive response is characterized dependent on parenteral nutrition such as those with short by distinctive morphological changes that are associated with bowel syndrome resulting from Crohn's disease. enhanced absorptive capacity. Enhanced crypt cell proliferaAs an approach to defining the molecular mechanisms untion leads to crypt hyperplasia and increased crypt depth [re- derlying the adaptive response, we have used subtractive hyviewed in Hanson (1982) ]. Villus lengthening also occurs and, bridization cloning techniques to identify genes that are differas we have recently shown, villus enterocytes directly contribentially regulated in the adapting rat intestine 48 h after 70% ute to the early adaptive response by augmenting synthesis of resection (Dodson et al. 1996) . One group of cDNA clones a variety of cellular mRNA and proteins (Rubin et al. 1996) .
induced during intestinal adaptation includes cellular retinol Although enteral nutrients are necessary for these adaptive binding protein II (CRBP II), 5 liver fatty acid binding protein, changes to occur, little is known about the specific extracelluileal lipid binding protein and apolipoprotein (apo) AIV. All lar mediators and intracellular mechanisms required for full of these encode proteins involved in the absorption, metaboexpression of the adaptive response [reviewed in Saxena et al. lism and trafficking of fatty acids, lipids or retinoids. Induction (1993) ]. Identification of these should suggest strategies for of these genes in the early adaptive period may occur to augment assimilation of these nutrients specifically or to regulate or modulate the adaptive response. nologies, Gaithersburg, MD) as described (Rubin et al. 1996) . RNA Furthermore, it is possible that changes in CRBP II levels after dot blot hybridization techniques were used to assess postresection temporal patterns of ileal CRBP II, apo A-I and RXR-a expression partial small intestinal resection could directly affect intestinal after intestinal resection or sham surgery, as previously described gene expression (and thus the adaptive process) by modulating (Levin et al. 1987 , Rubin et al. 1989 . Only RNA samples confirmed the synthesis and nuclear delivery of all-trans-and 9-cis-retito be intact by denaturing gel electrophoresis were used for connoic acid.
structing dot blots. For these studies, the remnant ilea and equivalent
To address these issues, we compared the expression patcontrol ilea from sham-operated rats were divided into three equal terns of CRBP II and apo A-I, an enterocytic gene that also the early intestinal adaptive response by stimulating crypt cell a) and then washed as described (Levin et al. 1987) . The stringency proliferation.
of these hybridization and washing conditions was confirmed to be specific for each of the study genes by Northern blot hybridization. For each cDNA, a single band of appropriate size was noted on
MATERIALS AND METHODS
Northern blots. Densitometric quantitative analysis was used to compare expresSurgical procedures and tissue harvesting. Male Sprague-Dawley sion in experimental resected rats and control sham-resected rats. rats weighing 220-250 g (Sasco, Omaha, NE) were acclimated in Dot blots were quantitated by scanning laser densitometry (Levin et the animal care facility for at least 72 h before surgery. Rats were al. 1987 , Rubin et al. 1989 and Northern blots by NIH Image 1.55 housed under strict day and night light cycles with free access to (W. Rasband, National Institute of Mental Health) analysis of digiwater and Teklad 7001 4% standard laboratory rat nonpurified diet tized images obtained with a UMAX PS-2400X scanner using UMAX (Teklad 7001, Harlan Teklad, Madison, WI). Food was withheld for Magicscan V1.2 (UMAX Technologies, Fremont, CA). The relative 12 h before surgery and operations were performed between 0600 and magnitude of ileal expression of the study genes was the same in the 1100 h. Pentobarbital (40 mg/kg, intraperitoneal), atropine (0.4 mg/ proximal, mid-and distal segments. Thus, for statistical analyses of kg) and inhalational metofane were administered for anesthesia. Exchanges in ileal gene expression in the remnant ileum, data obtained perimental rats underwent 70% small intestinal resection. After a from each of these segments were treated as a representative sample midline abdominal incision, the small intestine from 5 cm distal to of total ileal RNA. All Northern blots were stripped and rehybridized the ligament of Treitz to 15 cm proximal to the ileo-cecal valve was with radiolabeled human glyceraldehyde 3-phosphate dehydrogenase resected and the remnant small intestine was reanastomosed end to (Tso et al. 1985) to correct for differences in RNA loading and end using 6-0 silk interrupted sutures. Control rats, paired by weight transfer efficiency. This human cDNA hybridizes with rat RNA, prowith experimental rats, underwent a single transection at 5 cm distal ducing a single band on Northern blot (data not shown). Levels of to the ligament of Treitz followed by reanastomosis without bowel intestinal glyceraldehyde 3-phosphate dehydrogenase expression were resection. All rats received gentamicin (4 mg in 6 mL normal saline) not modified by intestinal resection or by retinoic acid or vehicle intraperitoneally at the time of abdominal wall closure. Rats had free administration. access to water containing sucrose (50 g/L) and oxytetracycline (4.5
Immunohistochemical analysis. Intestinal segments were preg/L) for 24 h postsurgery and then to nonpurified diet.
fixed in Bouin's solution, and were embedded in paraffin or OCT Tissues (n Å 3-10 rats per group per time point) were harvested compound (Miles, Elkhart, IN). Sections (5-6 mm) from resected at 2, 4, 8, 16, 24 and 48 h and at 1 wk following surgery for the time and sham-resected rats were placed on the same slide for comparative course studies. For all studies, rats were killed by sodium pentobarbital analyses. CRBP II was detected using a polyclonal rabbit anti-rat overdose (150 mg/kg, intraperitoneal). The intestines were divided antibody [1:200 dilution; courtesy of E. Li, Washington University, into duodenal and jejunal segments (i.e., intestine proximal to the St. Louis MO (Levin 1993 , Rubin et al. 1989 ]. Antigen-antibody anastomosis) and three 5-cm ileal segments (proximal, mid-and discomplexes were detected by immunogold staining with silver ental) starting 15 cm proximal to the ileocecal valve. The protocols for hancement (Rubin et al. 1992 ). Photomicrographs were taken with all animal studies were reviewed and approved by the Washington University Animal Studies Committee.
a Nikon, (Japan) Microphot FX microscope.
Crypt cell proliferation. 5-Bromodeoxyuridine (5-BrdU) incorporation into DNA was used to measure crypt cell proliferation in rats that received retinoic acid or vehicle following small intestinal resection. 5-BrdU (8 g/L; Sigma) and 5-fluorodeoxyuridine (0.8 g/L, Sigma) combined in sterile water were injected intraperitoneally 90 min before rats were killed (final dose of 5-BrdU Å 120 mg/kg). Tissue sections were incubated in 4 mol/L HCl for 30 min at room temperature to enhance antigen exposure. 5-BrdU was detected with a goat anti-BrdU antibody (1:5000, courtesy of S. Cohn, Washington University, St. Louis, MO). Antigen-antibody complexes were labeled using a gold-conjugated rabbit anti-goat secondary antibody with silver enhancement (Amersham Life Sciences, Arlington Heights, IL) or CY3-labeled donkey anti-goat IgG (Jackson Laboratories, Bar Harbor, ME). The number of labeled and unlabeled cells in 10 well-oriented, longitudinal crypts per segment from each rat (n Å 5-9 rats per experimental group) was counted as described (Przemioslo et al. 1995) using light microscopy by an observer who had no knowledge of the identity of the slides. The labeling index is defined as the fraction of crypt cells incorporating 5-BrdU.
Statistical analysis. Individual experiments were designed to optimize detection of differences between the experimental and control groups at a given time postoperation or in response to a given dose of retinoic acid. Therefore, RNA and crypt cell proliferation data were analyzed by Student's t test for paired samples. The studies were not designed to quantitatively describe the expression of each gene in the two surgical groups as a function of time postoperatively or as a function of retinoic acid dose. However, the relative level of expression (i.e., fold increase) between sham and resected rats as a function of time or retinoic acid dose was amenable to analysis with a oneway ANOVA. Analyses were performed using Excel Version 5.0 (Microsoft, Seattle WA). Differences were considered significant at the (Fig. 1) . The relative mRNA levels, which are the ratios of mRNA levels from resected maximal increase (2.3-fold) occurred between 16 and 24 h. In rats to mRNA levels from comparable segments in sham-resected rats, contrast, the relative expression of apo A-I, which was also expressed as means { SEM (n Å 3 pools of RNA from 3-10 rats using maximized at 16 h (1.7-fold increase), returned to control different portions of the ileal samples). *P°0.05, by Student's t test levels by 24 h (Fig. 1) . Thus, the postresection temporal patcomparison of mRNA levels in the remnant ileum from resected rats to terns of CRBP II and apo A-I expression were different. Comlevels in the ileum from sham-resected rats.
pared with sham-resected controls, ileal RXR-a mRNA levels were not changed by intestinal resection at any of the time greater in the resected compared with the sham-resected secpoints examined (Fig. 1) . Thus, transcriptional regulation of tions (compare Fig. 2A with 2B and Fig. 2C with 2D ). RXR-a does not precede the postresection changes in CRBP Retinoic acid enhances cellular proliferation in the adapt-II and apo A-I mRNA levels.
ing remnant ileum after 70% small bowel resection. The The expression of the CRBP II and apo A-I genes was early increase in expression of CRBP II and apo A-I in the two-to fivefold higher in the proximal small bowel (duodenal/ residual intestine after massive small bowel resection suggests jejunal segment) than in the ileum, consistent with maintethat retinoids may be important in initiating and/or mainnance of the normal cephalo-caudad gradient in expression of taining the early adaptive response. To address this directly, these genes (Rubin et al. 1989 ). However, CRBP II and apo we examined the effects of peri-operative retinoic acid admin-A-I mRNA levels were not significantly increased in this segistration on the adaptive response at 6 and 16 h postresection. ment by partial intestinal resection (data not shown).
Both of these time points preceded the reintroduction of the Cell-specific patterns of CRBP II protein expression are nonpurified diet and dietary vitamin A. These time points preserved in adapting remnant ileum. Cellular patterns of were chosen to examine the effect of retinoic acid on adaptive CRBP II protein expression in the remnant adaptive gut were cellular proliferation early after resection. The 6-h time point assessed using immunohistochemical techniques. CRBP II is also permitted an assessment of the effect of retinoic acid on normally expressed in villus enterocytes, but not in crypt cells basal expression of CRBPII and apo AI (i.e., before the usual (Crow and Ong 1985). The cell-specific patterns of expression postresection increase in CRBP II and apo A-I mRNA levels of ileal CRBP II are preserved after sham-resection surgery or occurs). The 16-h time point was also chosen to determine 70% massive small bowel resection (i.e., CRBP II is present whether CRBPII and apo AI expression could be further inin villus enterocytes located from the base of the villus to the creased by retinoic acid administration (i.e., at 16 h, both tip, but not in crypt cells; Fig. 2) . As indicated in Figure 2 , genes are maximally increased in the remnant ileum compared with the control ileum strating 5-BrdU immunostaining in ileal segments of control (vehicle-treated) and retinoic acid-treated resected rats are shown in Figure 3 . In the remnant adaptive gut, the number of 5-BrdU-labeled cells per crypt was significantly increased by retinoic acid (100 mg but not 18 mg). At 6 h postresection, the ileal crypts of treated rats contained 53% more labeled cells compared with vehicle-treated controls ( Fig. 4 ; retinoic acid mean cells per crypt Å 15 vs. vehicle mean Å 9.8, P õ 0.001). At 6 and 16 h after resection, on the basis of the total number of cells per crypt, expansion of the total crypt cell population had not yet occurred. Thus, 6 h after resection, retinoic acid increased the labeling index (i.e., 5-BrdUstained crypt cells/total crypt cells) by 50% (from 20 to 30%; P Å 0.002 compared with vehicle-treated rats). In contrast to resected rats, retinoic acid did not stimulate intestinal proliferation in rats that did not undergo surgery. In fact, by 6 h after either dose of retinoic acid, the crypt labeling index was reduced by Ç6% (data not shown).
In Figure 4 , the number of labeled crypt cells at time 0 reflects the basal proliferation rate before surgery. The increase FIGURE 2 Immunohistochemical analysis of CRBP II expression in the rat ileal epithelium after 70% small bowel resection. Multiple fields on four slides from the ileum of each of two rats per experimental group were analyzed for CRBP II expression. Representative sections are presented from rats killed 24 h (A, B) or 1 wk (C, D) after sham operation (A, C) or 70% small intestinal resection (B, D). CRBP II expression was detected using a monospecific polyclonal rabbit anti-rat CRBP II antibody and immunogold-silver staining techniques. In all sections, CRBP II is expressed in the cytoplasm of villus-associated enterocytes (black stained cells, large arrows) and is absent in the crypts (arrowheads indicate cytoplasm of crypt cells that do not express CRBP II, small arrows indicate hematoxylin-stained nuclei). A-B, 1200; C-D, 1125.
The ability of the small intestinal epithelium to rapidly acquire and metabolize plasma-derived all-trans-retinoic acid is well established (Cullum and Zile 1985 , Zile et al. 1982 . Thus, to minimize dosage effects resulting from differences in absorptive capacity or efficiency, retinoic acid was administered intravenously upon completion of resection surgery. Two doses of retinoic acid were studied because plasma clearance To assess the ability of retinoic acid to stimulate ileal crypt response. They were initiated because of the established effects of retinoids on the proliferation and differentiation of epithelial tissues and the discovery that CRBP II expression is increased in the remnant ileum by 48 h after 70% small intestinal resection (Dodson et al. 1996) .
As discussed above, crypt cell proliferation is enhanced in the adapting remnant intestine following partial resection. The direct effects of vitamin A and retinoic acid on intestinal epithelial proliferation and differentiation have not been reported. Studies using different models for inducing vitamin A deficiency in rats have produced conflicting results. For example, when rats with absent vitamin A stores were maintained on retinoic acid, there were no effects on the rate of division or migration up the villus of intestinal epithelial cells (Rojanapo et al. 1980a ). However, using rats in the early stages of vitamin A deficiency (i.e., rats whose weight had plateaued after weaning to a vitamin A-and retinoic acid-deficient diet), there was significant prolongation of the S2-phase of the cell cycle in the jejunal crypts (Zile et al. 1977) . In these vitamin A-deficiency models, the morphological appearance compatible with a stimulatory role for retinoic acid in small intestinal epithelial renewal after partial resection, administrain the number of 5-BrdU-labeled crypt cells in the resected tion of retinoic acid to normal (i.e., nonoperated) rats resulted vehicle control group reflects changes induced by intestinal in a 6% decrease in the crypt labeling index. Thus the stimulaadaptation alone. By 16 h, there were no significant differences tory effects of retinoic acid on crypt cell proliferation may be in 5-BrdU labeling between the retinoic acid-treated group specific to the adapting intestine or may vary depending on and the vehicle-treated group. However, as expected, the lathe physiological context. beling index was greater in both groups of resected rats comThe intestinal effects of retinoic acid are consistent with pared with nonresected rats.
those in other epithelial tissues in which it has been shown CRBP II and apo A-I expression are not augmented by to modulate cell proliferation and/or differentiation. In vivo retinoic acid administration after small bowel resecdemonstrations of retinoid inhibition of cell proliferation and tion. CRBP II and apo A-I steady-state mRNA levels were stimulation of differentiation include the use of postnatal retinot significantly changed in the proximal or distal intestinal noic acid to increase the number of pulmonary alveoli in rats segments at 6 or 16 h postresection by either dose of retinoic (Massaro and Massaro 1996) and the use of retinoids to treat acid (data not shown). Thus retinoic acid did not indepenand prevent premalignant and malignant skin lesions [redently augment CRBP II mRNA levels above those attributed viewed in Lotan (1996) ]. In vitro, retinoids can also have the to intestinal resection alone. opposite effect as illustrated by the suppression of terminal In addition, at 6 h after surgery and retinoic acid administration, differentiation and stimulation of proliferation in cultured kerthere were no differences in steady-state RXR-a mRNA levels, atinocytes [reviewed in Fisher and Voorhees (1996) ]. Retinoids whereas, at 16 h, RXR-a mRNA levels were decreased 40% (P are also active in nonepithelial cell types as indicated by differ-õ 0.05; 100 mg dosage; data not shown). The regulation of RXRentiative effects on HL60 promyelocytic cells and F9 teratocara by retinoids has been demonstrated only in F9 teratocarcinoma cinoma cells and by the successful use of retinoic acid as differcells and in the vitamin A-deficient rat testis after readministraentiation therapy in promyelocytic leukemia [reviewed in tion of retinyl acetate (van Pelt et al. 1992 , Wan et al. 1994 . Chomienne et al. (1996) and Gudas et al. (1994) ]. These observations suggest that retinoic acid receptors (RAR) and As shown in Figure 4 , by 16 h after resection, the number RXR may help to regulate RXR-a expression and underscore the of cells incorporating 5-BrdU was the same whether retinoic possibility that changes in intestinal gene expression may be influacid was or was not administered at the time of surgery. Thus, enced by changes in the quantity and type of retinoic acid recepthese studies indicate that the usual increase in ileal crypt tors. In addition, changes in the concentrations and binding of cell proliferation after massive small bowel resection can be receptor ligands and interactions with other trans acting factors induced to occur earlier by treatment with retinoic acid. The are also important.
equalization of the number of labeled cells by 16 h after reti-DISCUSSION noic acid administration suggests that the acute effect is limited to a discrete population of G1 cells already primed to These studies have provided evidence supporting a role for retinoic acid in the early stages of the intestinal adaptive initiate DNA synthesis. Although these data might suggest that retinoid effects are limited to the immediate postresection receptors. Nevertheless, CRBP II expression remains confined to villus-associated enterocytes postresection, and thus, any period, the quantity and time course of retinoic acid delivery to the intestinal mucosa were not addressed. Pharmacokinetic regulatory effects deriving from the observed increase in CRBP II expression are probably limited to this cell population. studies indicate that circulating retinoic acid metabolites but not retinoic acid would still be present by 16 h after either
In conclusion, these studies have shown that retinoic acid can stimulate crypt cell proliferation in the adapting remnant dosage (Swanson et al. 1981 ). Thus, it will be worthwhile to evaluate whether regular dosing with retinoic acid can further intestine by 6 h after partial small bowel resection. The early and sustained increase in CRBP II expression suggests that expand the proliferating crypt cell population.
The temporal, spatial and cellular patterns of CRBP II ex-CRBP II may have a specific role in mediating the effects of retinoids on the adapting intestine. These observations indipression after resection were determined as a basis for addressing a potential role for CRBP II in early adaptation. CRBP cate that retinoids are likely modulators of intestinal adaptation after loss of functional small bowel surface area. II mRNA levels in the remnant ileum were increased by 8 h and remained elevated for at least 1 wk postoperatively. In contrast, apo A-I mRNA levels are not increased at 8 h, are ACKNOWLEDGMENTS maximally increased at 16 h, are back to base line by 24 h
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